Abstract Cinnamomum camphora trees have a vast range of distribution in southern China and the seed oil has unique fatty acid (FA) properties and various bio-activities. In this work, Cinnamomum camphora seed oil (CCSO) was utilized to synthesize value-added cocoa butter substitute (CBS) by enzymatic interesterification. The synthesis was conducted in a solvent-free system by blending CCSO with fully hydrogenated palm oil under the catalysis of Lipozyme RM IM. The reacted products were assessed with physicochemical properties, i.e. FA composition, slip melting point (SMP), triacylglycerol (TAG), crystal polymorphism, microstructure, melting and crystallization properties and solid fat content (SFC). It showed that MCFAs (capric acid plus lauric acid) was the main fatty acid in products, accounting for over 45%. Comparing to physical blends, some novel TAG species such as LaLaLa and LaMLa/LaLaM were observed after enzymatic interesterification whereas SSS TAGs were reduced. IP presented a ball-like, well-distributed and nearly round crystal microstructure and a smaller crystal size. Moreover, it should be mentioned that SFC of IP ranging from 31.85 to 38.47% at 25°C with most b 0 crystal forms, was beneficial to improve the spreadability in term of confectionery products and baked goods. The SMP of the interesterified products was 35.75-36.15°C which closed to the commercial CBS. Hence, the products synthesized can be used to as CBS, and the results in this study also showed CCSO have value-added applications.
Introduction
Cinnamomum camphora tree is a large evergreen tree and widely distributed in subtropical areas, like southeastern China and northeastern Australia (Jiang et al. 2016 ). The oil from Cinnamomum camphora is a latest reported oil, recognized as a source of essential oil and utilized in medicine and perfume because of its bioactivities, like antioxidant, antibacterial, antifungal and insecticidal properties. According to the previous work, it turned out that Cinnamomum camphora seed oil (CCSO) can be used as edible oil as well (Liu et al. 2006; Xu et al. 2018) . Medium-chain fatty acids (MCFAs) with chain lengths from C8 to C12 are abundant in CCSO, accounting for almost 95% (Hu et al. 2011 ). To our knowledge, the behavior of medium-chain triacylglycerol (MCT) oil are different from long-chain triacylglycerol (LCT) in terms of digestion, absorption, and metabolism in vivo. MCFAs can be easily hydrolyzed in the gastrointestinal tract, then directly transported and rapidly oxidized in the liver to provide quick energy via the portal system (Papamandjaris et al. 1998) . It seemed that CCSO has the potential of alternative as economic oil, which is not completely exploited and utilized.
The cocoa butter (CB) is widely used in confectionery, baked goods and chocolate mainly. Despite of the huge amount of CB production consumed, the requirement is far outpacing supply and keeps growing year by year (Mohamed 2015) . Meanwhile low content of CB in cocoa beans (Zaidul et al. 2007 ) and the climate conditions in & Xuemei Zhu zhuxuemei2005@hotmail.com western Africa, central America and southeast Asia, which are the main place of origin, constrain the supply of CB. Furthermore, crop failures and its chain problem result in higher price, with the increase of the gap between supply and requirement. High cost, low yields and extreme imbalances between supply and demand have spurred scholars to produce cocoa butter substitute (CBS) by restructuring economic vegetable oils as widespread researches (Mohamed 2015) . To date, the enzymatic-catalyzed interesterification has drown much attention and is mostly utilized to produce CBS by restructuring economic oils, because of its great superiority on milder reaction conditions, less by-products and fewer pollutants generation. And fully hydrogenation can be utilized to prepare zero trans fatty acids and enhance lipid crystal structuration as commercial fats via interesterification (Petrauskaite et al. 1998; Ribeiro et al. 2009 ). Furthermore, fully hydrogenated palm oil (FHPO) has high amount of palmitic acids, tends to form b 0 -crystal fats during the catalysis and leads to favorable melting and crystallization properties of interesterified products (IP) (Aini and Miskandar 2007; de Oliveira et al. 2015) . In the previous study, palm mid fraction (PMF), palm kernel stearin (PKS) and medium chain triacylglycerols (MCTs) were catalyzed by Lipozyme RM IM to gain low calorie CBS (Borhan et al. 2011) . Yamoneka et al. (2018) found that the interesterified blend of 90% Irvingia gabonensis seeds fat and 10% Dacryodes edulis pulp oil with Lipozyme TL IM catalyzed had similar melting profile and polymorphic behavior compared to CB, was a good candidate as specialty fat like CBS.
Bahari and Akoh (2018) synthesized a cocoa butter equivalent (CBE) structured lipid from illipe butter and PMF using enzymatic interesterification and IP were shown to be no significant difference in terms of melting and crystallization properties with CB and therefore may potentially be utilized as a CBE. However, the utilization of CCSO in CBS is rarely studied.
In this work, the main objective is to gain a low-cost edible alternative for CB by modifying CCSO with FHPO and catalyzed by Lipozyme RM IM. The properties of product, such as slip melting point (SMP), FA profile, polymorphic form, microstructure, and solid fat content (SFC) were characterized by gas chromatography (GC), differential interference contrast microscope (DIC), X-ray diffractometry (XRD), and differential scanning calorimetry (DSC), respectively. Subsequently, scale-up experiments were conducted to determine the feasibility of enzymatic interesterification of CCSO and FHPO for producing CBS.
Materials and methods

Materials
FHPO was purchased from JiaTa Chemical Technology Co., Ltd (Shijiazhuang, Hebei, China). Cinnamomum camphora seeds were gained from local agriculture market. To avoid from the destroy of components in CCSO during the extract, the CO 2 supercritical fluid extraction (SFE-CO 2 ) was conduct here according to the method (Hu et al. 2011 ) with a minor modification. Lipozyme RM IM, a commercial immobilized 1, 3-specific lipase from R. miehei which stored at -18°C until usage, was purchased from Novozymes A/S (Bagsvaerd, Denmark). The specific activity of Lipozyme RM IM was 150 IU/g, having 0.35-0.45 g/mL bulk density, and 0.3-0.6 mm particle diameter. The GLC-463 standard fatty acid methyl esters (FAMEs) containing methyl esters C8-C20 saturated fatty acid, were purchased from Nu-Chek Prep Inc. (Elysian, MN, USA). All other reagents used were of either analytical or chromatographic grade.
Methods
Enzymatic interesterification
CCSO was blended with FHPO at different substrate mass ratios and Lipozyme RM IM of 10% total weight (w/w total reactants) was added to the blends in a 250 mL screwcapped Erlenmeyer flask, respectively. The experiment was performed as described in the report previously (Adhikari et al. 2010a ) with slightly differences. The enzymatic interesterification reaction was performed at 65°C for 8 h under the shaking water bath and mixing speed was set at 200 rpm. After the enzymatic interesterification, Lipozyme RM IM was removed from the mixtures by 0.45 lm polytetrafluoroethylene (PTFE) syringe membrane filters. The same volume of hexane (about twice volume of the sample) and 5 drops of phenolphthalein solution were added to the IP in order to remove free fatty acids and partial monoacylglycerols and diacylglycerols (Farmani et al. 2007 ). The reaction mixture was titrated with 0.5 mol/L KOH solution in 95% ethanol until a pink color appeared. Then each of the composite sample was washed with warm water until the pink color faded and disappeared. The upper layer was seeped through an anhydrous sodium sulfate column to drain off remaining moisture, and the solvents (hexane and some ethanol) were completely volatilized under nitrogen to obtain crude CBS.
Fatty acid composition analysis
The fatty acid compositions of physical blends (PB) and IP were determined. All of PB and IP samples were methylated according to the method described as the report by Zhu et al. (2012) to prepare FAMEs. Then the FAMEs were analyzed using a fused-silica capillary column (CPSil 88, 100 m 9 0.25 mm 9 0.2 lm i.d.) through gas chromatograph (model 6890N, Agilent Technologies, Santa Clara, CA, USA) equipped with an automatic sampler and a flame ionization detector (FID). The column was heated to 45°C and then kept this temperature for 3 min. Then increased the temperature to 175°C and kept this temperature for 27 min at a rate of 13°C/min. The temperature was finally raised to 215°C and kept it for 35 min at a rate of 4°C/min. The injector temperature and detector temperature were maintained at 250°C and 260°C, respectively. As a carrier gas, nitrogen was used at a flow rate of 52 mL/min in split mode (50:1). The loading volume was 0.3 lL. Fatty acid compositions were confirmed by comparison with the retention times of four hundred and sixty-three standard fatty acid (GLC-463) methyl esters. Each sample was performed in triplicate.
Microstructure analysis
The samples were placed in a water bath and held at 65°C for 30 min until they were totally melted. Microstructure of PB and IP was observed by a differential interference contrast microscope equipped with a Nikon ECLIPSE Ti-U port. 10 lL of melted samples were placed on a preheated microscope slide, maintained at 25°C for 24 h (Adhikari et al. 2010b ). The microstructure was observed and photographed under the microscope at 400 9 magnification.
Determination of SMP
Melting point of samples was determined by the capillary tube method according to AOCS official method Ccl-25 (Tang et al. 2012) . Each sample was measured for three times.
Texture analysis
Samples were set at 24°C for 8 h in an oven and hardness analysis was performed with Texture Analyser (TA-XT Plus, Stable Microsystems Ltd., Surrey, UK) equipped with 5 kg load cell and probe (P/2) moving at pre-test speed of 1.0 mm/s, test speed of 2.0 mm/s and post-test speed of 10.0 mm/s, and the probe was penetrated at 5 mm depth along with trigger type of auto-0.1 g.
Polymorphic forms analysis by XRD
Samples were heated in a water bath of 65°C until to be melted completely. Holding at 25°C for 24 h in a particular container, the polymorphic forms of PB and IP crystals were obtained by X-ray diffraction (XRD, PAN alytical B.V., Almelo, Netherlands) using a Bruker D8-Focus diffractometer equipped with Cu K a radiation (k = 1.54184 Å , 40 kV tube voltage, 35 mA current, scan diffraction angle were in the range of 18°-32°with 2°/min scanning rate) (Zhang et al. 2014) .
Differential scanning calorimeter (DSC) and solid fat content analysis
Melting and crystallization characteristics of samples were determined with a differential scanning calorimeter DSC (Mettler-Toledo Co., Switzerland). Samples were placed into an aluminum pan with 10 ± 0.5 mg weight for DSC analysis, the result was compared with control group which use an empty control group. Heating to 80°C and maintained at this temperature for some time until the fat samples melted to the liquid state absolutely. The temperature was subsequently decreased to -60°C at a rate of 10°C/min and maintained for 10 min, the initial data was first recorded. Heating to 80°C at a rate of 5°C/min and held at 80°C for 90 min, recorded this data. Then the samples were maintained at each measuring temperature (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60°C) for 30 min respectively before recording the data. After calculation, make a SFC-T curve. Each sample was measured twice.
Triacylglycerol composition (TAG)
The TAGs composition of raw materials (CCSO and FHPO), PB and IP were analyzed by a reversed-phase high-performance liquid chromatograph (HPLC) equipped with quaternionic pump and evaporative light-scattering detector (ELSD, All-tech 2000ES, USA). The method was carried out with some changes according to previous report (Zhang et al. 2014) . The Agilent 1260 HPLC system was conducted at 55°C and the eluent flow rate was controlled at 0.8 mL/min, besides, the nitrogen pressure was operated at 1.7 bar. Samples were dissolved in dichloromethane and separated by the Novo-Pak C18 column (150 9 3.9 mm, waters, Milford, MA, USA). 10 lL of sample was filtered by 0.22 lm PTFE syringe membrane filter before injecting into the system. Samples were eluted by acetonitrile (solvent B) and isopropanol/hexane (1:1, v/v, solvent D), and they were determined with the following profile: 0-10 min, 60% B; 20-50 min, 56% B; 50-60 min, 60% B; 60-70 min, 60% B. Each sample was examined twice. The Table 1 Total fatty acid composition (Area %) of raw material (CCSO and FHPO), and products at different mass ratio of CCSO: FHPO before and after enzymatic interesterification RMCFAs, RUSFA, RSFA and TFA represent total medium-chain fatty acids, total unsaturated fatty acids, total saturated fatty acids and total trans fatty acids, respectively ND not detected separated TAGs were defined by means of comparing the retention time and equivalent carbon number (ECN). ECN was calculated according to the formula below.
where CN is the total carbon number except three carbons of glycerol in TAGs, and DB is the total number of double bonds on the fatty acids.
Statistical analysis
All the results shown in this study, as mean ± standard deviation, were subjected to analysis of variance (ANOVA). Duncan's multiple range test was used to determine the significance level of P value (P \ 0.05). Analysis was done with the SPSS software (SPSS 20.0, SPSS Inc., Chicago, USA).
Results and discussion
Fatty acid composition Table 1 shows the fatty acids composition of the raw materials and products before and after interesterification at different mass ratio. Capric acid (53.87 ± 1.65%) was the predominant FA in CCSO, and followed by lauric acid (39.67 ± 1.39%), oleic acid (3.13 ± 0.24%) and myristic acid (1.13 ± 0.06%). This is consistent with the finds of Tang et al. (2012) . FHPO had a superior content of palmitic acid (60.72 ± 2.60%) and followed by stearic acid (37.13 ± 1.87%) as expected. The contents of MCFAs in CCSO and FHPO were 93.78% and 1.83%, respectively. As we mentioned above, MCFAs could play a role in providing quick energy during digestion in vivo (Takeuchi et al. 2008) . It seemed that CCSO may have an advantage over other economic plant oil as an energy source for short and intense activities, i.e. athletics. The interesterification catalyzed by Lipozyme RM IM was a procedure that alter the natural distribution of sn-1,3-positional fatty acids between TAG molecules without changing the total fatty acid composition (Mayamol et al. 2009 ). The total fatty acid composition has a slightly difference in IP and PB depending on the substrates mass ratio (CCSO: FHPO). Meanwhile, no significant difference was observed in total fatty acid between IP and PB at same substrates mass (p [ 0.05). It illustrated that interesterification only promoted the rearrangement of fatty acids in TAGs molecules. In addition, trans fatty acid was not detected in IP under the testing conditions performed in this study.
TAG composition
The composition of TAG is a vital parameter for evaluating IP, since it shows strong correlation with physical characteristics and crystalline form of fat. It was summarized that the TAGs composition of raw material and products before and after interesterification at different mass ratio in Table 2 . In FHPO, PPS is the predominant TAG species, accounting for nearly 45%, followed by PPP (29.80%), All values were expressed as the mean ± standard deviation (n = 3)
C capric acid, La lauric acid, M myristic acid, O oleic acid, P palmitic acid, L linoleic acid, S stearic acid **Equivalent carbon number PSS (22.92%) and SSS (2.01%). CCSO is rich with MCT (LaCC/CLaC plus MCC/LaLaC), accounting for nearly 90%, and others were small part of CCC (10.73%). It was observed that differences of TAG composition in products depend on the different substrate mass ratio conduct. To PB, there were no differences in the species of TAGs. After interesterification, new types of TAGs appeared, such as LaLaLa and LaLaM. A substantial decrease of PPP (7.95-12.05 to 0.50-1.14%), PPS (11.87-18.56 to 1.08-1.49%), PSS (7.16-7.64 to 0.42-0.68%) and a significant increase of newly generated TAGs were observed in Table 2 . In addition, SSS could not be detected after the enzymatic reaction. The generation of new species of TAGs could be chalked up to the alteration of fatty acid arrangement on the TAG molecules, resulting in the change physicochemical characteristics. Anyhow, the results indicated that the enzymatic interesterification had occurred.
Melting point determination and Solid fat content
It is the prerequisite that CBS should maintain enough melting temperature because it is necessary to hold its peculiarity at room temperature. Melting point of the products after enzymatic interesterification were in the range of 32.6-37.7°C (Fig. 1a) , which were similar to the melting point of commercial CB (Mohamed 2015 With the increase of FHPO content, the melting point tends to be higher. This could be attributed to the comparatively higher melting point TAGs in FHPO. In addition, it seemed that interesterification had the SMP and EMP of products decreased at all the mass ratio. This was consistent with previous report (Borhan et al. 2011) . Karabulut et al. (2004) and Soares et al. (2009) suggested Fig. 1 Melting point of products at different mass ratio of CCSO and FHPO (a), solid fat content (SFC) of products with a commercial CBS as a contrast (b) and hardness of products before and after enzymatic interesterification at different mass ratios of CCSO and FHPO (c) that the changes of melting point after interesterification might be affected by the length of fatty acids chain, the position and types of fatty acid in glycerol molecule, degree of unsaturation, trans fatty acid content and composition and species of TAGs during reactions. During the interesterification, fatty acids had rearranged in glycerol molecules at random and lead to the reduction of high melting point triacylglycerols, especially SSS (Table 2) . Eventually, it presented a decreased manner in melting point of products after reaction.
Solid fat content is a vital parameter which indicates solid residue of fat at different temperatures. According to the SFC curves of blends before and after interesterification shown in Fig. 1b , it was found that IP had lower percentage of solid fat than that of PB and commercial CBS at the same temperature. It revealed that IP became softer after enzymatic interesterification. The SFC value for the IP of different substrate mass ratio can be affected by the alteration of fatty acids composition and TAGs (Borhan et al. 2011) . The PB may have a tendency to solidify at lower temperatures than either one of its substrates due to eutectic Fig. 2 The crystal microstructure of products before and after enzymatic interesterification at different mass ratios of CCSO and FHPO, with a 100 lm of bar as plotting scale, which were recorded by differential interference contrast microscope at 400 9 magnification J Food Sci Technol (February 2019) 56(2):835-845 841 effect. Different SFC values at specific temperature range are relevant to some properties. It is a criterion to determine the percentage of solid fat particles in oils and fats at different measured temperature. The malleability of could be reflected by SFC determined at 10°C (Gold et al. 2011 ). The SFC of IP at 10°C varied from 73.26 to 83.81%, it was lower than PB which were in the range of 99.40-99.85%. Meanwhile, the SFC of commercial CBS was 92%. And It was reported that SFC at 25°C indicated lipid plasticity and SFC represent the taste between 33 and 38°C (Dian et al. 2007) . IP may show a softer, tender and smooth sensation on the tongue, which demonstrating the application of IP in coatings, various baked products and as CBS. At 15-40°C, the SFC value of IP was significantly different from that of PB, it decreased the risk of sandy and rough feelings. The sharpest decline of SFC values in IP were occurred at 20-30°C, meanwhile commercial CBS were occurred at 30-35°C. After interesterification, shifts to lower temperature ranges may be attributed to the exchange of fatty acids and the generation of new TAGs.
Textural analysis
The textural property of PB and IP samples were investigated using a penetration probing test and the maximum peak force (hardness) diagram was shown in Fig. 1c . Both PB and IP samples presented a harder texture depend on the increase of FHPO in mixtures. It suggested that hardness was influenced by the mixture proportion of samples.
As far as we know, hardness was positively correlated with SFC values to some extent (Braipson-Danthine and Deroanne 2006) . Thus, the changes of SFC in samples showed the same manner along with hardness tendency as expected here (Fig. 1b) Limbardo et al. (2017) .
Microstructure
Crystal microstructures of samples were observed by a differential interference contrast microscope and summarized in Fig. 2 . It figured out that the crystal microstructure changed after interesterification. When the mass ratio of CCSO: FHPO was at 12:11, long needle-like crystals were observed in PB, which showed a rough, branched, agminated shape. Whereas IP presented a well-distributed, smooth and nearly round pattern, and ball-like crystal microstructure were formed. The morphology of IP was found to be consistent with that observed by Biswas et al. (2017) . Besides, after interesterification, crystal size was obviously decreased to less than 50 lm in diameter. This results could be attributed to the reduction of long chain trisaturated triacylglycerols, like SSS (Table 2 ) (Zhu et al. 2017 ). To our knowledge, this new microstructure could contribute to creamy texture and supple flavor in CBS. Thus, the IP with small and uniform crystal form had the tremendous potential to be ideal CBS applied in coating or bakery products.
Crystal polymorphism
Crystal polymorphism is an essential parameter to weigh crystalline phases that have different melting points (Mcgauley et al. 2002) . a (hexagonal), b 0 (orthorhombic), and b (triclinic) forms were the principal polymorphs of fat crystals. The most unstable crystalline phase was a crystal form, which short spacing was at 4.15 Å and melting point was the lowest (Solis-Fuentes et al. 2005) . b crystal form was the most stable form while it often formed the plate shaped crystals. In application, b 0 crystal form was more satisfactory than b due to its better surface, smooth texture, greater fluidity (Adhikari et al. 2012) . b 0 crystal form had 2 strong short spacings which at 3.80 and 4.20 Å , respectively. Besides, it also had 3 minor short spacings at 3.71, 3.97 and 4.27 Å (Dsouza et al. 1990 ). The polymorphic forms of PB and IP were exhibited in Fig. 3 . The PB 
Thermal behaviors
The melting and crystallization thermograms profiles of CCSO, FHPO, PB and IP were tested by differential scanning calorimetry and shown in Fig. 4 . The ultimate solid-liquid transitions temperatures were above 20°C for CCSO and approximately 60°C for FHPO. Sharp peaks were observed for FHPO and CCSO both in the melting and crystallization profiles. It seemed that almost all TAGs in raw materials melted in a narrow temperature range. Besides, an exothermic peak appeared in the FHPO melting (Fig. 4b) , and recrystallization occurred. From the experimental results, melting happened mainly in lower temperature range for CCSO (10-22°C) and higher temperature for FHPO (60°C), and crystallization occurred mainly at about -10°C for CCSO and at 40°C for FHPO. As for PB and IP, two temperature ranges of phase transitions could be easily distinguished wherever in the melting or crystallization profiles. Compared the melting and crystallization curves before and after interesterification, it was shown that IP had wider, smaller and weaker peaks instead of PB, indicating the formation of softer fats. This phenomenon was closely related to the reduction of high-melting TAGs especially SSS, this was consistent with the views of Alvarez and Akoh (2015) . With the increase of FHPO, peaks were shifted towards higher temperature. After interesterification, the final solid-liquid transition temperature was reduced and below 40°C, this might be attributed to the replacement of partly highmelting temperature TAGs by new TAGs with shorter chain or lower melting point fatty acid. Enzymatic reaction resulted in the rearrangement of fatty acids within and between TAGs so as to produce newly one and eventually affect the thermal behavior.
Conclusion
With the development of CCSO as edible oil in daily life, it was used as substrate with the mixture of FHPO to synthesize CBS in this study. The reaction was carried out in a solvent-free system and catalyzed by Lipozyme RM IM. Meanwhile the physicochemical properties of products were evaluated. From the results presented in this study, enzymatic interesterification is a promising way to prepare structured lipids which can drastically improve fat quality. CCSO and FHPO appear to be potential raw materials to synthesize low-cost and low-calorie CBS, the products are attractive as fungible applications in formulating CBS and confectionery products.
